ABSTRACT. River basin management requires a spatially distributed representation of basin hydrology and nutrient transport processes. To accomplish this, the Soil and Water Assessment Tool (SWAT) arge-scale hydrologic models are essential tools for watershed management at regional scales (>1000Ăkm 2 ). These models are often used in watersheds constrained by limited spatial and temporal data. Identifiable barriers for the use of such models are the quality and spatial resolution of the input data, as well as the accuracy of the physical representation of the hydrological processes within the model. As most process data exist at the plot or small watershed scale, regional models are based on assumptions for up-scaling such results to larger watersheds, where most decisions and water policy are addressed (Beven, 2001 ). In the past few decades, many studies have examined processes as a function of basin scale (Pilgrim et al., 1982; Bathurst, 1986; Wood et al., 1988; Zhang and Montgomery, 1994; McGlynn et al., 2003; Shaman et al., 2004) . These studies have emphasized the need for finer control of representative hydrologic areas ranging from less than 1 km 2 to around 10 km 2 . In related research, Shrestha et al. (2006) demonstrated that the results of distributed models are better when the ratio between input data resolution and catchment area is more than 10:1. Finnerty et al. (1997) illustrated the changes in the water budget with continuous simulations at various spatial scales, ranging from 4 × 4 km to 256 × 256 km, and at time steps of rainfall from 6 h to 1 h and indicated that the spatial data resolution and the temporal data resolution are equally important in model results. Modeling efforts to assess the effectiveness of management practices on water quality as well as attempts to assess the impacts of global change on water supply and processes have put increasing pressure on models in terms of speed and accuracy. The recurring problem in the use of such large-scale models is the discretization of the watershed to best represent watershed processes while at the same time not exceeding the limitation of available data and computational time requirements.
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Five levels of discretization are used in existing watershed models: (1) no discretization or lumped approach (Chiew et al., 1993) , (2) hydrologic response unit (HRU; Arnold et al., 1998) or hydrotope approach (Krysanova et al., 1998) , (3)Ăcatena approach (Kirkby et al., 1998; Lane and Nearing, 1989) , (4) topographic index approach (Beven and Kirkby, 1979) , and (5) complex fully distributed approach (Abbott et al., 1986; Bronstert and Plate, 1997) . In the lumped approach, the overall catchment dynamics may be handled well at the basin outlet, but the individual changes exerted in one part of the catchment cannot be accounted for spatially, and thus assessment of management within the watershed is problematic. The HRU or hydrotope approach is derived by lumping individual areas of similar soil, topography, and land use together within a (sub)watershed. While this approach can indicate the effect of management practices within the HRU, it fails to show the interaction between the HRUs as they are not internally linked within the landscape but are all routed individually to the basin outlet. Therefore, the impact of management of an upslope HRU on a downslope HRU cannot be assessed. In addition, many HRU are too big to resolve into individual topographic positions as they can occupy the landscape continuum from divide to the valley bottom. The catena approach is an effort to impose a systematic upscaling from topographic position to watershed scale. Here, a representative hillslope or toposequence is chosen that is often statistically selected within a subwatershed to be representative of the watershed landscape. Within the catena, more detailed downslope routing of surface runoff, lateral flow, and groundwater can be accomplished, and the impact of upslope management on downslope landscape positions can be assessed. Problems with this approach relate to extracting representative catenas within different climatic regimes, and secondly, while it does allow routing, the catena approach assumes one rather simple slope configuration for the entire subwatershed. The topographic index is essentially a hybrid of this procedure. It ingeniously bases the downslope processes on the topographic index, which implicitly takes into account the effect of lateral flow on soil moisture in downslope positions. Easton et al. (2008) re-conceptualized SWAT to distribute overland flow in ways consistent with variable-source hydrology by modifying how the curve number and available water content were defined. The new modeling approach, called SWAT-VSA, predicted shallow water tables and phosphorus export more accurately than the original SWAT on the Cannonsville watershed in upstate New York. Results improved because the model was able to predict runoff source areas where manure was applied. Finally, the fully distributed model includes surface runoff, lateral, and subsurface fluxes on a selected grid of the landscape. Assuming the processes are adequately described, the data and computational requirements often prevent these models from being applied on large catchments. Conversely, if they are applied on large regional watersheds, the computational grid is often enlarged to decrease computational time; surface dynamics are essentially lumped and routed together with assumptions of homogeneity within large grid cells.
While many studies have assessed the relative merits of individual discretization schemes on the water budget output (Kuo et al., 1999) , few, like Das et al. (2008) , have assessed the output of all the schemes within the same watershed. In this latter case, a large watershed in Europe (4,000 km 2 ) with high-resolution spatial data was assessed under various model assumptions from lumped to distributed. Similarly, while various model approaches have been compared on the same watershed to assess the effectiveness of a specific numerical code or set of assumptions (El-Nasr et al., 2005) , testing of all four of the discretization schemes with one hydrologic modeling code has not been assessed. The purpose of this study is to assess the effect of the four major discretization schemes on the hydrologic budget (runoff, ET, soil moisture) of a watershed utilizing the same essential computational methods. These methods are currently used by a well tested and robust model, the Soil and Water Assessment Tool (SWAT; Arnold et al., 1993; Arnold and Fohrer, 2005) , used for regional-scale watershed assessments. The discretization techniques are applied to a 17.3 km 2 research watershed in central Texas. The watershed size is representative of the highest spatial resolution (smallest subwatershed delineation) typically used in continental-scale watershed assessment. For example, in modeling the 375,000 km 2 Senegal River basin, Andersen et al. (2001) used a model grid resolution of 16 km 2 . Wood et al. (1997) used a 1° × 1°g rid for modeling continental-scale basins. Results of the current analysis are designed to answer questions related to the advantages of further discretizing regional watershed models with regard to accuracy, compu-tational efficiency, and ease of assessing more detailed management strategies.
CURRENT DELINEATION APPROACHES IN HYDROLOGIC MODELS
There have been numerous attempts to simulate landscape processes at various scales with varying complexity. Beven (2001) , Borah and Bera (2003) , Merritt et al. (2004) , and Drewry et al. (2006) provided excellent reviews and references for the numerous models with details on how they spatially represent watershed processes. The WEPP model (Lane and Nearing, 1989) simulates flow and sediment transport across a hillslope using multiple overland flow elements. HYDRUS-2D (Simunek et al., 1999 ) uses a numerical model to route surface and subsurface flow across a hillslope. Riparian zones near a stream are simulated in REMM (Lowrance et al., 2000) , which needs inputs from upland models such as GLEAMS (Leonard et al., 1987) , EPIC (Williams et al., 1984) , WEPP, or observed data.
There are also several different approaches to simulating landscape processes when scaling up to watersheds. One common approach, used in TOPMODEL (Beven and Kirby, 1979) , AGNPS (Young et al., 1987) , ANSWERS (Beasley et al., 1980) , and several numerical models like MIKE SHE (Refsgaard and Storm, 1995) , is to divide the watershed into cells. This accommodates significant spatial detail but, for larger watersheds, does not preserve channel reaches. Another approach is to divide a watershed into subwatersheds defined by topography (typically using a DEM), ensuring that all surface water within the subwatershed flows to the outlet and each subwatershed contains a channel reach for routing.
Models differ on accounting for heterogeneity within each subwatershed. The WEPP watershed model assumes a representative hillslope within each subwatershed, while models like DWSM (Borah et al., 2002) , PRMS (Leavesley et al., 1983) , and KINEROS (Woolhiser et al., 1990 ) use overland flow planes or segments. HSPF (Bicknell et al., 1993) allows pervious and impervious areas within a subwatershed. SWAT (Arnold et al., 1998 ) allows a subwatershed to be divided into HRUs based on variability in soil, slope, and land use characteristics.
SWAT MODEL BACKGROUND
The SWAT model's landscape components can be divided into the following: hydrology, weather, sedimentation, soil temperature, crop growth, nutrients, pesticides, and agricultural management. The simulated hydrology processes include surface runoff estimated using the SCS curve number or Green and Ampt infiltration equation; percolation modeled with a layered storage routing technique combined with a crack flow model; lateral subsurface flow; groundwater flow to streams from shallow aquifers; potential evapotranspiration by the Hargreaves, Priestley-Taylor, and Penman-Monteith methods; snowmelt; transmission losses from streams; and water storage and losses from ponds (Arnold et al., 1998) . The hydrology components of the model have been previously validated for several watersheds (Gassman et al., 2007) . A complete description of the model components can be found in Arnold et al. (1998) .
The most common approach in SWAT applications is to divide a watershed into subwatersheds and further subdivide the subwatersheds into HRUs. Runoff from each HRU is summed to obtain subwatershed water yield, without interaction between HRUs across the landscape. The water balance of each HRU in the watershed is represented by four storage volumes: snow, soil profile (0 to 2 m), shallow aquifer (typically 2 to 20 m), and deep aquifer (>20 m). Flow and sediment, nutrient, and pesticide loadings from each HRU in a subwatershed are summed, and the resulting loads are routed through channels, ponds, and/or reservoirs to the watershed outlet.
MATERIALS AND METHODS

USDA-ARS EXPERIMENTAL WATERSHEDS AT RIESEL, TEXAS
The study site is located within the USDA-ARS Grassland, Soil and Water Research Laboratory watershed network near Riesel, Texas ( fig. 1 ). The watersheds were originally established in 1937 at the Blackland experimental watershed. Station G watershed drains 17.3 km 2 . Long-term records collected at the site indicate an annual mean rainfall of 890 mm with relatively wet spring and fall seasons and drier summer and winter seasons (Harmel et al., 2003) . On average, 72 days per year experience rainfall greater than 0.76 mm, and 10 days have rainfall greater than 25 mm. Convective thunderstorms during the warmer months contribute intense, short-duration rainfall events. Land use consists of predominately pasture and tilled land, which is typically planted in a rotation of corn, sorghum, and winter wheat ( fig. 2 ). Houston Black clay soil (fine, smectitic, thermic, udic Haplustert) dominates the site. This soil series consists of very deep, moderately well-drained soils formed from weakly consolidated calcareous clays and marls and generally occurs on 1% to 3% slopes in upland areas. This soil is very slowly permeable when wet, with a saturated hydraulic conductivity of 1.5 mm h -1 . However, when dry, preferential flow associated with soil cracks contributes to rapid infiltration rates. Because of its highly expansive smectitic clay mineralogy, this soil shrinks and swells with changes in moisture content. The Houston Black soil is recognized throughout the world as the classic vertisol. This soil typically has a particle size distribution of 17% sand, 28% silt, and 55% clay.
The Blackland research watersheds are underlain by marls and chalks of the Taylor group of the Gulf series, Cretaceous age. These units dip gently toward the southeast at approximately 17 m km -1 . The general site is within the trend of the Balcones fault zone, a zone of normal faults downdropped to the east. Faults and fractures are difficult to see in outcrop due to rapid weathering of the bedrock. Shallow groundwater in this region has been evident since the early farming days of the late 1800s, as shown by the abundance of shallow hand-dug wells across the Blackland prairie. This shallow groundwater system has been studied and shown to follow local topography at an average depth of 3 m. Recharge occurs through aerial infiltration at the outcrop (Allen et al., 2005) .
LANDSCAPE DELINEATION METHODS
Lumped method. For the lumped method, one HRU was chosen to represent the watershed that consisted of the dominant soil (Houston Black), dominant land use (pasture), and average land slope.
HRU or hydrotope method. To develop an HRU, the land use and soils maps were overlaid and unique land use and soil combinations were lumped together to form the HRU. The average watershed slope was used for each HRU. In this watershed, 155 HRUs with distinct soil and land combinations were used ( fig. 3) . When an HRU is formed, there is no reference to landscape location, and there is no routing of flow across HRUs. Flow from each HRU is summed to estimate water yield at the watershed outlet.
Catena method. Existing methods to delineate landscape units range from simple soil considerations to complex methods using multivariate statistics and iterative segmentation algorithms to interpolate the continuous character of the landscape (Fluegel and Staudenrausch, 1999; Blaschke and Strobl, 2003; Gallant and Dowling, 2003; MacMillan et al., 2004; Moeller et al., 2008) . Gallant and Dowling (2003) point out that "there are no published methods for mapping valley bottoms by automated algorithms, although a number of methods exist that are designed to map floodplains." We searched for an effective but simplified solution for large-scale application and for potential integration into SWAT. After an intensive evaluation, we selected the slope position method (USDA, 1999) as a useful method to delineate landscape units (Volk et al., 2007) .
For this application, the watershed was divided into three landscape units: the divide, hillslope, and valley bottom. A representative catena was selected, and flow was routed across the catena as shown in figure 4 . The Houston Black soil series, which is relatively uniform across the landscape, was used. Slopes form a typical "S" configuration and are relatively flat on the divide (about 1%), steeper on the hillslope (4%), and flat again in the valley bottom (1%). The dominant land use was cropland on the divide, and pasture on the hillslope and valley bottom.
Grid method. To evaluate a distributed delineation, the watershed was divided into a grid of 1,734 one-hectare cells. Each cell has a unique soil, land use, and slope with watershed-weighted precipitation. Flow paths are determined from the DEM, and all flow originating from a cell flows to the cell, of the eight adjacent cells, with the lowest elevation. Flow routing processes are identical to the catena method shown in figure 4.
DEVELOPMENT OF THE LANDSCAPE MODEL
In the lumped and HRU delineation methods, flow is summed and not routed across the landscape. For the catena and grid representations, simple models were developed to simulate surface runoff and run-on, lateral soil flow in the upper 1 to 2 m, and deeper groundwater flow. This watershed is dominated by surface runoff (approximately 90%), with lateral soil flow accounting for the remaining 10% (Allen et al., 2005) .
SURFACE RUNOFF AND RUN-ON
Surface runoff for each landscape unit is computed with the curve number (CN) method or the Green and Ampt infiltration equation. Run-on to an adjacent downslope landscape unit is estimated using a coefficient to partition the amount of flow that is channelized before leaving the landscape unit and the amount that is direct surface run-on. To determine velocity (V s ) and ultimately travel time (trt), Manning's equation is used assuming a 1 m overland flow strip:
where q s is the flow rate, s is slope, and n is Manning's n. Travel time (h) is:
where sl is the slope length. Infiltration is calculated by multiplying the travel time by the saturated hydraulic conductivity:
where I is infiltration, K sat is saturated hydraulic conductivity, and R c is roughness storage.
LATERAL SOIL FLOW
The model accommodates multiple soil layers as required to account for vertical heterogeneity and soil horizons typically defined in U.S. soil surveys (USDA, 2010). Lateral flow volumes are calculated using a kinematic storage model (Arnold et al., 1998) as a function of saturated hydrologic conductivity, slope, slope length, and porosity:
where SW is soil water, and ϕ d is porosity. The kinematic model also estimates surface seeps during saturated conditions, which is considered as surface run-on to the next landscape unit. Total lateral flow (summed from each soil layer) flows to the adjacent downslope landscape unit and is distributed to each soil layer weighted by depth of the soil layers. Lateral flow from the valley bottom unit enters the channel. When water enters the adjacent downslope landscape unit, it is subject to soil evaporation, plant water uptake, lateral soil flow, and percolation (Arnold et al., 1998) .
SHALLOW GROUNDWATER FLOW
Conceptually, groundwater flow is simulated as routing through a series of linear storage elements, as shown in figureĂ5. This is the classic linear tank storage model as summarized by Brutsaert (2005) :
where u(t) is groundwater flow at time t, k is the recession constant, and α is the area of each landscape unit. The recession constant (k) can be determined from analysis of daily base flow recession curves (Arnold et al., 1995; Nathan and McMahon, 1990) . In addition to routing flow to the next landscape storage element, water may also be lost to groundwater evaporation (revap) or deep seepage to the deep aquifer. channel seepage or transmission losses recharge the shallow aquifer of the floodplain unit. When overbank flow occurs, depression storage in the landscape unit is filled and subsequently allowed to infiltrate into the soil or evaporate.
INTERACTION WITH STREAM CHANNEL
LANDSCAPE UNIT ROUTING
To maintain flexibility and to accommodate more complex watersheds and landscape unit configurations, we developed a command routing structure similar to the subwatershed routing used in SWAT (Neitsch et al., 2002a) . Four commands are used to route water through landscape units: landscape, route, add, and finish. The landscape command initializes the units and sets the overland routing fraction. The route and add commands set the interaction between landscape units. In the catena example, the divide unit is routed through the hillslope unit, which is then routed through valley bottom and added to the accumulated flow at the watershed outlet. In the grid example, flow that has accumulated at each cell is routed through the next downstream cell until it reaches the watershed outlet.
MODEL EVALUATION CALIBRATION AND VALIDATION
Calibration of a distributed model is an iterative process; optimization of one parameter can often lead to a diminution of model performance that was achieved in earlier calibration stages (Refsgaard, 1997; Gupta et al., 1998) . The shuffled complex evolution method was used to calibrate all four configurations in the SWAT model (van Griensven and Bauwens, 2003) . Variables used in calibration (Neitsch et al., 2002b) included CN, available water capacity (AWC), soil evaporation coefficient (ESCO), and a surface runoff lag coefficient (SURLAG). These variables have been commonly used in calibration (Gassman et al., 2007) and were described by Neitsch et al. (2002b) . There are several options in SWAT for simulating runoff and infiltration processes. Most applications (Gassman et al., 2007) use daily precipitation and the CN equation. In some applications, on smaller research watersheds or watersheds for which NEXRAD data are available, the Green and Ampt equation with subhourly precipitation is used. There is also an algorithm in the model to input daily precipitation, disaggregate into subhourly time steps, and use the Green and Ampt equation (Arnold and Williams, 1989) . For this study, we chose to use the CN equation with daily precipitation because: (1) subhourly precipitation data were only available for 10% of the watershed, (2) rainfall variability would complicate the analysis and detract from analysis of landscape processes, and (3) the majority of large-scale model applications still use the CN equation. In addition, the crack flow subroutine developed for vertisols, as found in this watershed, is currently only linked and tested with the CN method. Table 1 shows changes in calibration values from original default values. CN and AWC are absolute differences from the original values for each HRU, while ESCO and SURLAG are absolute values for the entire watershed. The dominant soil and land use for the lumped simulation was pasture with a Houston Black soil and a weighted CN of 85. Calibration only increased CN by 0.05 and decreased AWC by 0.04 (the maximum allowed). Decreasing the storage capacity of the soil (lowering AWC) causes runoff to increase. Using the complete set of HRUs, CN decreased by 5.4 and AWC increased by 0.0016, resulting in lower runoff. Interestingly, the optimization algorithm decreased CN in the landscape and grid simulations by 6.0 (decreasing runoff) and decreased AWC by 0.03 to 0.04 (increasing runoff). ESCO was above 0.9 in all three simulations, and SURLAG showed a significant increase for the landscape and grid simulations. This is reasonable since the landscape routing is lagging subsurface flow as it routes through the landscape units and does not need the additional lagging created by the SURLAG equation.
The period from 1968 through 1974 was used for model calibration, and 1975 through 1981 was used for validation. Daily stream flow calibration results are shown in table 2, with Nash-Sutcliffe (N-S) coefficients of negligible variation (0.63 to 0.67) between the configuration schemes. In addition, percent bias was 10% or less for all cases, indicating good agreement (Moriasi et al., 2007) . During the validation period, Nash-Sutcliffe coefficients were slightly lower than during the calibration period, with the grid method outperforming the other methods (N-S = 0.67). Since the parameters were calibrated during a relatively wet period (230 mm mean annual flow), all methods tended to overpredict flow in the validation period, which was relatively dry (140 mm mean annual flow).
RESULTS AND DISCUSSION
One goal of this research was to assess how well the new landscape configuration performed when compared to previous lumped routing approaches. These results suggest that simple, lumped routing methods can be calibrated as well as more complex landscape representations; similarly, the new model functions as well in overall performance as the previous lumped routing methods. Validation results for the catena representation (table 3) show an overprediction of runoff and a slightly lower N-S coefficient. The complete Flow validation results (1975-1981) for station G.
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HRU configuration had higher N-S but also greater overprediction of runoff.
A second goal of this work was to produce a model that could begin to more adequately represent the spatial as well as temporal impacts of land use changes and allocation of best management alternatives across the watershed. For example, the model could determine if terraces are more effective on the hillslopes or valley bottom, or how crop practices on the divide would affect the downslope runoff. The validation results indicate that the two model approaches are similar in performance efficiency. This implies that the new model, which will allow more precise spatial evaluation of management, is of equal precision in simulations.
EXAMPLE ROUTING FROM CATENA METHOD
A large storm in June 1968 was selected to demonstrate the routing processes. Figure 6 tracks water flow during the runoff event for the catena (all units in fig. 6 and in this discussion are in 10 6 m 3 ). Surface runoff from the divide and subsequent run-on to the hillslope was 0.52. After routing across the hillslope, 0.333 infiltrated into the hillslope soil, while 0.187 was run-on to the valley. Adding surface runoff from the rainfall (1.13) to the run-on resulted in 1.32 total surface runoff from the hillslope and run-on to the valley. Adding runoff from precipitation and run-on from the valley yielded 1.54 delivered to the channel. A similar routing process is used to route lateral soil flow through the hillslope. Lateral flow from the divide (0.025) flowed into the hillslope soil, with 0.22 flowing through to the valley. Adding that to 0.119 derived from precipitation and run-on infiltration resulted in 0.142 flowing into the valley soil. After routing 0.142 through the valley soil, 0.044 reached the stream, with the remainder lost to evaporation. Adding lateral flow generated from precipitation and run-on resulted in 0.131 reaching the channel. Base flow was considered negligible in this flow system, resulting in total stream flow of 1.67. The same procedure is used when routing through the grids in the grid method. 
COMPARISON OF DELINEATION METHODS
To compare the HRU, catena, and grid methods, we examined the spatial distribution of surface runoff ( fig. 7) , ET ( fig. 8) , and subsurface flow ( fig. 9 ). In the landscape delineation, the hillslope produced more surface runoff than both the divide and valley bottom. The hillslope soils are shallower with less water capacity, and the slopes are steeper than the divide and valley bottom. The increased soil moisture in the valley bottom also increases runoff, simulating the saturated flow concept. This is similar to results given by Allen et al. (2005) , who summarized the water budget of the study area from monitored hydrologic data. The landscape unit representation shows a more realistic water balance in the valley bottom, which has higher subsurface flow and considerably higher ET (814 mm vs. 747Ămm in the divide). Subsurface flow is relatively low in this watershed (approximately 10% of the total flow), and the model accurately depicts it increasing as water moves down the landscape ( fig. 9 ). This is within 1% of monitored lateral flow in the Y2 experimental watershed ( fig. 1 ; Allen et al., 2005) . There is considerably more variability in the HRU delineation. This is due to the lack of spatial smoothing brought on by the catena delineation and grid capture. Landscape features such as valley bottoms and linear features such as roads and ditches are pronounced. In this approach, water is not being routed to the valley bottoms but to the basin outlet. Because the soils database contained parameters for higher runoff, the model reflects these stored coefficients, and not actual water movement in the landscape. Without inflow from higher landscape positions, the HRU model also produces less ET, which is not realistic (fig. 6 ). The HRU model assumes that each color depicted on the map ( fig. 6 ) is equally routed to the watershed outlet. While this lumped approach can often produce similar results as the landscape models, it does not realistically link the cascade of flow and attendant impacts of the landscape model. Lumped models are often less responsive to changes in land use, soil, and weather conditions and need to be recalibrated with each changing scenario. Sahoo et al. (2006) implied that the more physically based a model is, the less one has to rely on spatially averaged model parameters.
With generally low saturated conductivity (1.5 mm h -1 ), high temperatures, and intense storms (Allen et al., 2005) , the flow system is dominated by Hortonian overland flow (Stomph et al., 2002) . In this study area, we would expect the flow processes to be more closely related to soils and land use than to topography (0% to 5% slope). Comparison of the land use map ( fig. 2 ) with annual surface runoff from the grid delineation ( fig. 7c) indicates that most of the surface runoff is derived from cultivated agriculture and less from pasture and forest lands. There is some evidence of saturated overland flow ( fig. 7c) , as evidenced by increasing runoff from the valley bottoms. This flow is also shown in the subsurface ( fig. 9c ). While the catena method accomplishes the goal of being able to assess downslope impacts within the subbasin, it is still limited in spatially allocating the processes within the designated subdivisions of divide, hillslope, and valley. The catena method accounts for converging and diverging flow since actual areas of the landscape units are used to calculate runoff and run-on volumes.
The grid delineation gives considerably more spatial detail than the catena representation (figs. 7, 8, and 9) but also requires over 500 times more computation time and storage. The current distributed delineation with 1,734 grids takes 0.62 min per year on a single 2.6 GHz processor. To simulate the Upper Mississippi River basin (USGS hydrologic cataloguing unit 07) using a one-hectare grid (nearly 50,000,000 cells) would require approximately 13 days of computer time per year of simulation. Since SWAT is designed for rapid scenario assessment, this would only currently be feasible using parallel code on a supercomputer or cluster.
CONCLUSIONS AND FUTURE DIRECTIONS
In this study, the SWAT watershed model was enhanced to simulate water flow across discretized landscape units. Four landscape delineation methods were compared: lumped, HRU or hydrotope, catena, and grid. All methods were calibrated and validated at the USDA-ARS Brushy Creek watershed (17.3 km 2 ) near Riesel, Texas. One goal of the research was to compare lumped routing approaches with model configurations that simulate surface and subsurface flow across different landscape units, such as divide, hillslope, and valley bottom. The results suggest that lumped models can be calibrated as well as complex configurations, but cannot represent the impact of upslope management on downslope landscape positions. There are advantages and disadvantages for all the delineation methods when applying large-scale hydrologic models. The lumped method is simple, efficient, and may be adequate if subbasins are sufficiently small. The commonly used HRU method preserves soil, land use, and slope heterogeneity but does not account for landscape position.
When comparing the new landscape configurations, the grid delineation can simulate the impact of landscape position on management, such as plant growth, crop yields, and runoff, in explicit spatial detail. However, a small grid size (1 ha in this study), used to preserve spatial detail, is currently not feasible for most applications when scaling to large river basins. In addition, currently available input data (weather, land management, soils) are not at a fine enough resolution to warrant small grids for large-scale applications. A simple catena or representative hillslope approach preserves landscape position and allows riparian and flood plain areas to be simulated as discrete units. If HRUs were simulated within each landscape unit, then the catena approach may be a good alternative for large-scale applications.
In the future, the model will be applied to larger watersheds with multiple subbasins. Routing of sediment and nutrients across the landscape will be added to more realistically simulate the landscape/channel continuum.
